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The lacation of the 3d levels of 10 transition-metal impurities in the band gaps of four ionic flucrides
has been investigated by independent Hartree~Fock (HF) cluster calculations on open-shell MF§~
systems [M = Cri* (z = 1-3), Mn** (z = 1-3), Fe®* (z = 1-2), and Vi* (z = 2-3)] and closed-shell
AF} systems (A = Li*, Na*, Mg*, and Zn'*). The variation of the 3d orbital energies of the
impurities with the M-F distance has been deduced from the corresponding MF{™ calculations at
different ciuster sizes. The band gap edges lor LiF, NaF, KMgF,, and KZnF,; have been estimated
from the A Fg~ calculations: the highest occupted level has been estimated from HF orbital energies of
the ‘A, ground state, and the lowest unoccupied level, from HF orbital energies of the first excited
3T, state, These orbita energies have been combined o prepare approximate energy—distance diagrams
that describe the location of the 3 impurity levels relative to the band gap of the host crystal, The
diagrams give very valuable information on the stability of the 34 impurity in the host and the probable
lattice refaxation induced upon impurity substitution. Such information is difficult to obtain either

experimentally or by means of large-scale guantum-mechanical calculations.

1. Introduction

The study of transition-metal (TM) impu-
ritics in lonie crystals is a subject of continu-
ousinierest, The absorption spectra of these
systems arc often characterized by struc-
turcs, due to the impurity ions, that appcar
in othcrwise featureless regions of the host
spectra (/—). Interesting obscrvable prop-
erties of the impurity system, like the chemi-
cal stability and the local lattice relaxations
induced upon substitution, are intimately re-
lated to the location of the impurity levels
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in the band structure of the host. However,
the accurate determination of such locations
is very difficull, cither experimentally or
computationally.

In this paper we present a quantum-
mechanical approach to the study of the lo-
cation of the 3d levels of a TM impurity in
the band gap of an ionic crystal. The scheme
is based on the use of approximate bul sys-
tematic Hartree—-Fock (HF) cluster calcula-
tions on a variety of TM, alkali, and alkali-
earth hexafluorides. The basic idea is to find
a pattern to the positions of the 3d levels
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relative to the host band gap for a collection
of systems rather than to compute the elec-
tronic structure of a particular case with a
very detailed, large-scale quantum-mechan-
ical calculation. Consideration of a variety
of gradually different examples permits the
identification of trends and relations among
the energy of the 34 levels, the redox stabil-
ity of the impurity system, and the local
lattice relaxations.

To locate the 34 levels of the TM impu-
rity in the band structure of an ionic fluo-
ride crystal one should first compute this
structure. In our approximate treatment,
however, we do not proceed in this way.
Instead, we limit ourselves to the determina-
tion of the edges of the band gap by means
of independent cluster calculations. We esti-
mate the top of the valence band from re-
sults of HF calculations on the ground state
of a AF? ™ cluster (A = Li*, Na®, Mg’*,
Zn?7) representing the host crystal. The bot-
tom of the conduction band is estimated
from HF calculations on appropriate excited
states of the same cluster. This approach
may be justified when the systems consid-
ered are highly ionic and have very narrow
bands. Crystals of this type have recently
been described with cluster models, as doc-
umented by Lobatch er af. on MgO (3),
Winter et al. on NaF (6) and NaCl (7}, and
Winter and Pitzer on MgF, (8).

The 3d levels of the impurity are deduced
from HF cluster calculations on several
MFZ~ systems, M being the TM ion. The
results of the calculations on AF?~ and
MF~ clusters are collected together in en-
ergy diagrams that show the metal-ligand
dependence of the 3d levels relative to the
host band gap. These energy-distance dia-
grams provide information on the acceptor/
donor character of the 34 impurity in the
host and the possible lattice relaxation in-
duced upon impurity substitution, and are
therefore uscful stability diagrams.

All cluster calculations reported here
have been performed with the Har-
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tree—Fock—Roothaan (HFR) methodology
developed by Richardson and collaborators
{9) and refined in the last years by our group.
This methodology has given accurate de-
scriptions of the equilibrium geometry and
d—-d electronic transitions of TM hexafluo-
rides (10, I1. In Ref. (12) we reported re-
sults of cluster-in-vacue calculations on
LiF] ", NaF; , MgF{~  and ZnF!~ that de-
scribe well the observed geometries, band
gaps, and bandwidths of LiF, NaF, KMgF,,
and KZnF,. The good quality of these re-
sults motivated the present work.

In Section II we present our basic hypoth-
eses and the arguments that make them, in
our view, appropriate. In Section IIT we give
numerical results. The variation of the impu-
rity levels with the metal-ligand distance
and the stability diagrams are discussed in
Section IV. Our conclusions are compared
with those derived from previous theoretical
and semiempirical work.

I1. Theoretical Basis

The band gap of an ionic crystal is associ-
ated with the energy involved in the transfer
of an clectron from a negative ion to a posi-
tive ion. In the ionic model, the zeroth-order
band gap of a simple fluoride is thus given
by the difference between the electron af-
finity of the fluorine atom and the appro-
priate ionization potential of the metal atom.
As described by Cox (13), this number
should be corrected by interionic overlap
effects, the Madelung potential felt by the
cation and the anion, and the lattice polar-
ization.

In this work we do not consider the ionic
model but the more sophisticated cluster
mode] involving self-consistent molecular
orbitals extending over a cation and its first
layer of neighbor anions. In the cluster ap-
proximation, the effects of the rest of the
lattice on the electronic density of the clus-
ter must be adequately taken into account,
We will see, however, that in highly jonic
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compounds the cluster-in-vacuo stage may
be adequate enough to estimate band gaps
and bandwidths.

The present work is based on a series of
theoretical approximations all of which have
been carefully analyzed to clarify, as much
as possible, the uncertainties of our results.
These approximations are spelled out here
in detail. The following arguments on the
adequacy of our hypotheses refer to our final
goal of preparing qualitative stability dia-
grams for 3d impurities in fluoride crystals,
as discussed in Section IV.

Our first hypothesis is that we can esti-
mate the properties required for our study
from frozen-core HFR calculations on ap-
propriate hexafluoride clusters. As noted
before, we have done these calculations
with the methodology of Richardson et al.
(9), including core-projection operators in
the valence Hamiltonian and other numeri-
cal improvements described in Refs.
(14-17). This hypothesis is basically justi-
fied by the quality of the results obtained by
our group on a large variety of systems, as
shown in Ref. (17).

The second hypothesis can be stated as
follows: (i) The band-gap edges of LiF, NaF,
KMgF,;, and KZnF; will be computed, as
in Ref. (12), from cluster calculations on
the closed-shell systems LiFi~, NaFI~,
MgFi-, and ZnF}~, respectively. This is
supported by the quality of the results re-
ported in Ref. (/2). (ii) The 34 levels of the
TM impurities will be determined from cal-
culations on MF{~ clusters. Again, this is
based upon extensive calculations of d—d
electronic excitations on these TM systems
(17). (iii} The position of the impurity 3d
levels relative the band gap of the host will
be deduced by collecting together the results
of these two sets of calculations. This is a
weaker assumption, only partially justified
by the use of consistent computational stan-
dards in all our calculations.

The third hypothesis states that the
cluster-in-vacuo stage will suffice to obtain
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the desired qualitative picture of the 3d lev-
els in the band gap of the host. We have
tested this idea by carefully analyzing many
previous results obtained in our laboratory
and by performing, for two sample species
(Mn?* :KZnF; and Zn’":KZnF;), new
cluster-in-the-lattice calculations involving
the high-quality quantum lattice described
in Ref. (I7). This research has given us
enough confidence to proceed with our anal-
ysis. In Table I we present a small sample
of the extensive results supporting this ap-
proximation for the materials considered
here.

The last hypothesis involves the use of
the self-consistent orbifal energies instead
of total energies. This introduces an error
due to the lack of electronic reorganization.
We have computed this error in a large num-
ber of cases and in view of our results we
expect the reorganization energies to be
smaller than 0.6 eV in the systems analyzed
here. A sample of this test is presented in
Table II. The approach based on the use of
orbital energies has the advantage of making
the estimation of the edges of the band gap
computationally consistent with the levels
of the 34 impurities estimated as orbital en-
ergies.

To compute the band gap, we first solve
the HFR equations for the 'A,, ground state
of the closed-shell AF{™ cluster. From this
calculation we take the orbital energy of the
highest occupied molecular orbital (MO},
e(2p — 'A,p). This MO is mainly a 2p atomic
orbital (AQ) on the fluoride ion. Then we
solve the HFR equations for the *T,, state,
in which the lowest unoccupied MO of the
ground state is occupied with one elec-
tron, This MO is mainly an #s metallic AQ
with orbital energy e{(ns — °T,,). The band
gap is then approximated by the difference
elns — 3T1u) - &2p — lAl,g)-

In the language of the ionic model, these
cluster calculations involve the zeroth-order
energies required for the determination of
the band gap, plus the corrections due not
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TABLE I

EFrFeECTS OF THE CLUSTER-LATTICE INTERACTION (HARTREE) ON THE BANDWIDTH OF THE
VaLENCE BaND For (A) KZnF, AND (B} Mn?* : KZnF,

Ry (bohr)
A. KZnF; 36 3.7 g 39 4.0
VB bottom 0.37534" 0.36924 0.36406 0.35956 0.35558
—0.37529 —0.38251 —0.38504 —0.39500 —0.40046
VB top 0.57241" 0.54922 0.53031 0.51472 0.50169
—0.18391 —0.20861 —0.22932 —0.24685 -0.26179
VB bandwidth (eV) 5.36¢ 4.90 4.52 4.22 3198
5.21 4.73 4.35 4.03 3.77
B. Mn’*:KZnF, MnFi~ in vacuo MnF}~:KZnF,  Difference
e(61),) = 2p.(F7) 0.49055 —0.27323 —0.76378
(1) = 2p(F~) 0.48314 —0.27461 —0.75775
£(1ty,) = 2p,(F") 0.47403 —0.28361 —0.75764
e(3e,) = 2p(F7) 0.46336 —0.30931 -0.77267
e(lt,) = 2p(F7) 0.45314 - 0.30400 —-0.75714
£(51),) = 2p,(F) 0.42155 —0.33953 —0.76108
£(6ay) ~ 2p,(F7) 0.40113 -0.36106 -0.76219

® First rows; ZnF™ in vacuo. Second rows: ZnFi~ : KZnF;,

only to overlap but also to cation-anion co-
valency. Both corrections are automatically
introduced in the self-consistent solution of
the cluster equations. The coulombic, ex-
change, orthogonality, and polarization ef-
fects of the rest of the lattice should be in-

TABLE 11

EFFECTS OF THE REORGANIZATION ENERGY IN THE
CALCULATION OF THE BAND GaP (eV)

System Ry ® Unrelaxed® Relaxed® Difference
MgFi~  3.79 17.14 16.96 0.18
NaFi~ 4.38 10.59 10.39 0.20
LiFi~ 3.80 15.14 15.42 -0.28
ZnF{~  3.80 13.06 13.69 —-0.63

@ Metal-ligand distance (bohr) used in each calcu-
lation.

® Band gap computed as Ae =
5(2PF - IAlg)-

¢ Band gap computed as AE = ECT,,) — E('4,).

glns — 3T,) —

cluded by means of rigorous cluster—lattice
interaction such as that discussed, for in-
stance, in Ref. (17). Our third hypothesis
means, however, that these lattice effects
are very small for the types of interactions
and systems discussed here.

III. Numerical Results

In Fig. 1 we depict our HFR results for the
NaF?~ cluster. The mainly 3s, 6a,, — °T|,
level is the first empty ns level of the cation.
The highest occupied level in the ‘A,
ground state is a MO dominated by a linear
combination of the 2p fluoride orbitals. As
shown in Table 11, the band gap computed
as a difference of orbital energies deviates
by 0.2 eV from that obtained as a difference
of total energies.

Our calculated band gaps, the observed
values, and some results of other calcula-
tions are collected in Table III. Our values
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Energy Levels of NaF {eV}

4.30 Ga, 1Alq

0.00

band gap

-10.42

-12.64

-36.7
-38.0

-753

Fi6. 1. Hartree—Fock energy levels for the NaF§~
cluster. The valence basis set contains 2s, 2p, 3s, 3p,
and 3d symmetry-adapted orbitals (SAQOs) centered at
the Na* site, and 25 and 2p SAOs centered at the six
fluorides.

for LiF and NaF are quite good. A discrep-
ancy of about 4.5 eV is found for KMgF,.
No observed value for the band gap of
KZnF, is available, as far as we know, Our
result for KZnF; seems to be reasonable
since the ionization potential of the Zn**
(I8 eV) is larger than that of Mg?* (15 eV),
suggesting a smaller band gap for KZnF,;.
Furthermore, we recall the experimental re-
sults obtained by Beaumont ¢t al. {(/8): the
band gap of KMF; compounds (M = Mg,
Mn, Co, and Ni) decreases when the atomic
number of the M metal increases.

Our results compare well with other cal-
culations except in the case of KM_F,. The
calculations by Heaton and Lin on this sys-
tem (19), like other work based on the local
exchange approximation (20-22}, give band
gaps lower than the experimental value by
several electron volts. An exchange param-
eter a larger than unity is required to obtain
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agreement with the observed value. In local
density theory, it appears that the band gap
of ionic fluorides increases with the value of
a and with the inclusion of the self-energy
effect (20). In Hartree—Fock theory, elec-
tron correlation is expected 1o reduce the
HFR value (23).

The impurities studied in this work are
Cr2* and Mn?* (z = 1-3), Fe?t (z = 1, 2),
and V>t (z = 2, 3). In Table IV we show,

TABLE IlI

EXPERIMENTALLY DETERMINED BanND  GaP
ENERGIES AND CALCULATED VALUES AT THE
OBSERVED GEOMETRY

Band gap energy (eV)

Material  Experimental Calculated  Reference
LiF 13.9 (20)
10.6 (22)
14.0 (23)
14.2 (34)
9.7 (35)
10.9 36}
14.1 37}
14.5 (38)
12.2 (39)
13.6 (407
13.6 1)
14.3 42}
14.7 This work
13.6 43)
14.2 (44)
NaF 12.0 21}
8.5 34)
7.7 (35)
12.7 38
10.6 This work
i1.s 43
1.7 (45)
KMgF; 7.2¢ (9
12.4° (9
16.6 This work
11.8 (18)
12.4 (46)
KZnF; 12.8 This work

|
—_—
)

7 Computed with «
b Computed with & =



STABILITY OF 34 IONS IN IONIC FLUORIDES

231

TABLE 1V

STABILIZATION OF THE ENERGY LEVELS (eV) oF THE MnF}~
C1LUSTER (R = 4.0 bohr) PRODUCED BY THE LATTICE POTENTIAL OF
THE KZnF, (LaTTICE S1ZE 3.83 bohr)

Lattice model®

MO AO* Point charge Coulomb  Coulomb + Exch.
&(Mn?" - KZnFy) — e(cluster-in-vacuo)

6uy,  2p(F7) —21.28 -20.79 -20.73

61,  2p.(F7) -20.98 -20.82 —-20.79

4e, 3d (Mn'") -20.95 -21.09 -21.12

2y, 3d(Mn®t) —20.94 -21.09 —2L.11

2 Reference (/7).

# Largest component of the MO.

as an example, the stabilization gained by
some relevant orbital energies of the
MnF{ "~ cluster when the cluster—lattice in-
teraction is included. We sce that simple
point-charge lattice models and detailed
quantum lattice models, including Coulomb
and exchange interactions (/7), give, within
tenths of an electron volt, the same stabiliza-
tion for the 34 levels.

To show the cluster effects on the free-
ion levels of the TM impurities, we collect
in Table V the 34 orbital energies for the

TABLE V

FRrREE-ION AND CLUSTER-in-Vacuo 3d ORBITAL
ENERGIES (eV) COMPUTED AT R(M-F) = 4.0 bohr

lon eylfree ion)*  gy,(cluster) Difference
Cr (% —17.67 —17.66 —-0.01
Mn*{(d% —18.16 - 18.07 -0.09
Fe*(d") —19.40 ~20.38 0.98
VI (dY —30.35 —30.58 0.23
Crit(d? —32.56 —30.04 -2.52
Mn®~ (%) -135.05 —134.53 —0.52
Fel*(d% —35.83 —36.30 0.47
Vi (dh —47.30 —42.83 —4.47
Critidh —50.41 —45.69 —4.72
Ma*t(d*) —~53.22 —44.60 —8.62

? From Reference (47).

species studied here. A negative constant
has been added to all cluster energies {o
facilitate the comparison. We observe that
the cluster effect increases with the cationic
charge, revealing the increasing action of
cluster covalency. These numbers are dis-
cussed further in the next section,

The possibility of studying the variation of
the 34 orbital energy with the metal-fluoride
distance R is an important result of the clus-
ter analysis. According to our calculations,
these energies are decreasing functions of R
with similar slopes for all ions considered
here. Figure 2 depicts the R dependence
of the highest occupied 3d MO of the TM
impurities. A vertical tick in each curve indi-
cates the theoretical equilibrium distance
R.(M-F) obtained in the corresponding
cluster-in-vacuo calculation. The band gap
edges have been obtained, as indicated,
from the corresponding AF;™ calculation at
R.(A-F)(12). They are marked in this figure
by solid horizontal lines. The theoretical
equilibrium distance of the host lattice is
indicated as 4 vertical dotted line.

As is well known (2, 24-28), some relax-
ation of the fluoride ions should be expected
upon impurity substitution. This effect can
be qualitatively discussed with the help of
the diagrams in Fig. 2. They can be used
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Fi1G. 2. Variation of the 3d orbital energies of transition-metal impurities with the metal-ligand
distance in (a) KMgF,, (b) KZnF,, (c} LiF, and (d) NaF. Solid horizontal lines delimit the computed
band gap. Dashes in the energy curves indicate the theoretical R (M-F) distance. The vertical dotted

line corresponds to the theoretical R, of the host.

in two ways. If the local geometry of the
impurity is known, the positions of the im-
purity levels within the band gap can be
obtained. Alternatively, if we know the lo-
cation of the 3d levels relative to the band
gap, we can predict the relaxation of the
nearest-neighbor ions.

IV. Stability Criteria, Redox Processes,
and Local Relaxation

Using the results of our calculations and
the empirical analysis reported by Agull6-
Lépez et al. (29, 30), we now discuss stabil-
ity criteria that may be useful in understand-
ing the general behavior of TM impurities in
ionic fluorides.

The energy range including the host band
gap can be divided into three regions related
to the stability of the substitutional impuri-

ties. The bottom part of the conduction band
is an unstable region for an open-shell TM
impurity. Impurities with their 34 levels in
this part can give electrons to this empty
band, acting as reducing impuritics or hole
traps. The top part of the valence band is
also an unstable region. Electrons from this
filled band can reach the partially occupied
3d level of a TM impurity. Cations with their
3d levels in this region can act as electron
traps. Finally, if the impurity has its partially
occupied 3d levels within the band gap, it is
most likely to be stable.

According to these stability criteria, 3d
ions can clearly modify their redox charac-
ter when R changes. To see this, let us con-
sider the energy of the 3d levels in Fig. 2 at
the value of R corresponding to the unre-
laxed host lattice, i.e., at the vertical dotted
line.
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TABLE VI
CaTiONS ORDERED BY DECREASING YALUE OF THE CaTION-FLUORIDE DISTANCE

Lattice Impurity-fluoride relative distance
LiF Cr* = Mn* > Fe* > Cr** = V¥* > Lit* > Mn** = Fe!* > V¥* > Mn** > CP*
NaF Cr* > Mn* > Fe* > Na®™ > Cr?* = V¥t = Mn?* = Fel* > V¥* > Mn»* > CP*
KMgF, Cr* > Mn* > Fe* > Cr'* = V2* = Mn?* > Fe?* > Mg?* > V3 > Mn’* > Ot
KZnF, Cr* > Mn* > Fe't > Cr¥* = V¥* > Zn?* > Mn?* > Fe* > V¥ > Mn** > CrP*

Cluster-in-vacue
v3+ ~ Mn3+ = Cr31-

Mot = Cr* > Fe* > Na*t > Mn?t = V¥* = Cr** = Fe!* = Li* » Mg?* = Zn** >

Note. Each line refers to a series of cation impurities in the host listed on the left.

We sce that the monopositive cations
have their 3d levels above the bottoms of
the conduction bands in NaF, KMgF,, and
KZnF;. Thus, they would be unstable in
these crystals. An outward shift of their
nearest neighbors would be represented in

TABLE VII

(OBSERVED AND CALCUL.}TF_D EQUILIBRIGM
METAL-FLUORIDE DISTANCES (A) FOR 3d [oNs IN LiF,
NaF, KMgF;, anp KZnF;

LiF NaF KMgF;, KZnF, Cluster-in-vacue
205 231 2.02 2.02 —
R,
201 231 1.99 2.03
Crr — 2474 2347 — 2,420
Mn* — — — — 2.43%
Fe* 2,227 235¢ .23 — 2320
Vi 2.014  — 2.05¢ — 2,11
Cri+ — — 2.05% — 2.10%
Mni+  <«€2.07¢ 2157  2.06% 2.06% 2.12¢
2.074 2.09¢
2.07% 2.01%
2,08
Fe* — — — — 2070
v+ — — 1.92¢ — 1.94%
Ccri* — — 1.859% — 1.91%
Mn?* — — 1.91% — 1.93%

¢ Reference (37},
* Reference (76).
© Reference (32).
¢ Reference (26).
¢ Reference (33).
f Reference (25).
¢ Reference (48).
# Reference (7).
{ Reference (49).

this figure by a shift of the dotted line to the
right. This would take the 3d levels within
the band gap and would stabilize these TM
impurities. In the LiF lattice, the Mn* and
Fe* ions have their 3d levels within the band
gap. These ions should thus be stable in LiF.
This would also be the case for Cr** and
V27 in the four lattices considered here. The
Mn?* and Fe?* ions show stability only in
KMgF;. Their 34 levels appear below the
tops of the valence bands in KZnF,, LiF,
and NaF. Without first-neighbors relaxation
those ions would act as electron traps. An
inward relaxation of the first fluoride shell
would put their 3d levels within the band
gap. This R shift should be larger in NaF
and LiF than in KZnF,. Finally, the triposi-
tive ions have their 3d levels well below
the tops of the valence bands in the four
crystals. These impurities would be reduc-
ing species. Only a quite large decrease in
R would make them stable in these lattices.

In summary, the higher (lower) the posi-
tion of the 34 levels relative to the bottom
(top) of the conduction (vatence) band, the
larger the outward (inward) first-neighbor
relaxation should be to make the oxidation
state stable in the host. Impurities having 3¢
levels within the band gap would not require
lattice relaxation to become stable.

The above discussion suggests an order-
ing of the TM impurities in different hosts.
In Table VI the TM cations are listed in
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order of decreasing impurity—ligand equilib-
rium distance for a given lattice. To prepare
this qualitative table we had to assign a most
probable equilibrium distance to every TM
ion—host pair. In doing so, we used the fol-
lowing criteria: (i} TM ions having their 34
levels within the band gap for R = R (host)
are expected to be stable. Their assigned
distance is, as a first-order approximation,
the cluster-in-vacuo value noted by a tick in
Fig. 2. (ii) TM ions with e[R = R.(host)]
in the conduction band are expected to be
unstable. They would be stabilized by an
outward shift of the fluorides. Their as-
signed equilibrium distances are given by
the crossing of their g(R) line with the bot-
tom of the conduction band. {iii) TM ions
having e[R = R_.(host)] in the valence band
are unstable and could be stabilized by an
inward shift. Their assigned equilibrium dis-
tance is given by the crossing of their &(R)
curve with the top of the valence band.

We present in Table VII a compilation of
experimental and theoretical values of R,
for the impurity systems studied here. We
see that the ordering of the 3d ions in KMgF,
is in complete agreement with the corre-
sponding series in Table V1. We also see
that the inward relaxation of the tripositive
ions and the outward relaxation of the
monopositive and dipositive ions are cor-
rectly predicted by the diagrams in Fig. 2.
Furthermore, the shifts observed in going
from cluster-in-vacuo to cluster-in-the-lat-
tice calculations (Table VII) are also consis-
tent with our stability diagrams. For in-
stance, an inward shift can be expected in
passing from vacuo to the lattice for
Cr?' : KMgF, (Fig. 2a) since its R, (in vacuo)
is larger than R, (host}). An outward relax-
ation for Mn’* ;: NaF (Fig. 2d) can be ex-
pected for equivalent reasons. The dis-
tances in Table VII confirm this.

V. Concluding Remarks

For the 34 ions and the ionic fluoride crys-
tals studied in this work by means of HF
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cluster models, the almost constant stabili-
zation of the cluster 34 levels produced by
the cluster-lattice interaction reveals that
the cluster-ir-vacuo approximation may be
accurate enough to give the positions of the
TM impurity levels relative to the host band
gap.

The analysis of the stability diagrams de-
duced fromresults of HF calculations shows
that the position of the impurity levels
within the band structure of the host is inti-
mately related to its local equilibrium geom-
etry. The cluster-in-vacuo approach reveals
how the electronic behavior of the TM impu-
rity changes with the metal-ligand distance.

The analysis of the orbital energies of TM
impurities presented in this work gives in-
formation in good agreement with experi-
mental results and other accurate and ex-
pensive theoretical calculations.
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